A B S T R A C T
Irrigation management has mostly been performed without criteria and, studies in relation to field-irrigated eucalyptus development are scarce. The aim of this study was to evaluate wood volume equations based on stem (trunk) diameter of two eucalyptus hybrids in initial development, with and without irrigation. The experiment was set up in Aquidauana, State of Mato Grosso do Sul, Brazil, from April, 2011 to March, 2012 , with the eucalyptus hybrids, Eucalyptus grandis x Eucalyptus camaldulensis (Grancam) and Eucalyptus urophylla x Eucalyptus grandis (Urograndis). Evaluations were performed during the first year of crop development in which five mathematical models were tested for estimation of wood volume (Berkhout; Koperzik & Gehrhardt; Exponential; Brenac; Hohenald & Krenn) . The best models for estimation of wood volume of young plants are Brenac, Exponential and Hohenald & Krenn. The Brenac equation shows highest precision for estimating wood volume as a function of diameter at 5 cm height from the ground, with precision greater than 99% for plants up to 12 months of age, regardless of the use of irrigation.
Avaliação do volume de madeira em árvores jovens de eucalipto, com e sem irrigação
Introduction
According to Azevedo et al. (2011) , forest plantations should be considered as a manner of helping to reduce the actions of impact caused on natural forests, because they can be sources of raw material for forest industries, as well as having an important ecological role in relation to atmospheric carbon sequestration, contributing to minimization of the greenhouse effect.
To meet world demand for paper, the cellulose industry has achieved expressive increases in production, which means there is raw material for increasing demand (Arruda et al., 2011) . Silva et al. (2011) highlighted that normally forest plantations are found in ecosystems sensitive to human disturbances because of sloped terrain, soils with low natural fertility and degraded older agricultural areas. Another factor which is very important for current forest plantations and for future forecasts is knowledge of the local climate (Rody et al., 2012) . Baesso et al. (2010) advances made in research and forest technology, eucalyptus may be harvested in a period of 5 to 7 years, when it comes to pulp production.
According to Carneiro et al. (2008) , reforestation with eucalyptus trees is still a controversial matter in respect to water consumption and its relation to increase of the productivity, showing that the interactions that occur between the environmental conditions and gas exchanges in the tree canopy is essential for the determination of the quantity of water transpired. Stape et al. (2004) observed that the productivity of the Eucalyptus urophylla x Eucalyptus grandis (Urograndis) eucalyptus hybrid may be increased with the use of irrigation, leading to a gain of 22.4 Mg ha -1 using only 15% more water in comparison to non-irrigated areas, indicating water use efficiency of around 32%.
According to Hubbard et al. (2010) , the expansion rate of eucalyptus plantations in Brazil is quite accelerated, with the need for more information on the behavior of these plantations, especially in regard to water use, which varies according to intended forest productivity and intensity of management.
Wood volume constitutes one of the most important pieces of information for knowledge of forest potential available in a region, and individual volume provides a starting point for evaluation of the wood content of forest stands (Machado et al., 2002) . The volumetric potential of a forest is usually estimated through the use of forest inventory techniques, and the best way of determining tree volume is through the use of the technique called "Stand Volume Equations", estimations based on diameter (Barros & Silva Júnior, 2009 ).
There are various mathematical models for estimation of this volume and, in most cases, these volumetric models have been fitted in an approximate way by the ordinary least square method and non-linear least square method, using the Levenberg-Marquardt and Gauss-Newton algorithms . Thus, it is necessary to verify the precision of the most efficient models by means of adequate statistics, identifying which is most recommended for each species and location (Thomas et al., 2006) . Given these aspects, the aim of this study was to evaluate mathematical models for estimating wood volume based on tree stem (trunk) diameter in two eucalyptus hybrids in initial development under irrigated and non-irrigated conditions.
Material and Methods
The study was conducted in the municipality of Aquidauana, State of Mato Grosso do Sul, Brazil, with geographic coordinates of 20° 26' 50'' South, 55° 40' 14'' West and a mean altitude of 207 m. Climate in the region, according to the Köppen classification was described as Aw, defined as a tropical savanna climate with a rainy season in the summer and a dry season in the winter, and annual average rainfall of around 1200 mm. Soil in the area, according to EMBRAPA (2009) is classified as Ultisol (Argissolo Vermelho-Amarelo distrófico).
Climatic data were obtained at the climatological station of the Instituto Nacional de Meteorologia (National Meteorological Institute -INMET) set up in the municipality of Aquidauana, consisting of daily readings of rainfall, temperature (maximum, minimum and average), relative humidity of the air, overall solar radiation and wind speed, from April 20, 2011 to March 20, 2012 (Table 1) .
The eucalyptus seedlings were planted in the field on April 20, 2011 when they had an average height of 0.3 m, spaced at 2.25 x 4.00 m.
The experimental design was randomized blocks with split plots, using four blocks and two replications within each block. The treatments used in the plots corresponded to two irrigation systems (micro-spray and drip) and a control without irrigation. In the split-plots, the treatments consisted of the eucalyptus hybrids, namely Urograndis, clone I224 and Grancam, clone 1277. Each split-plot was composed of 10 plants (90 m 2 ). The experimental area was composed of 3 ha, with 1 ha for each treatment of the plots (micro-sprinkler, drip and without irrigation). Stem (trunk) diameter at 5 cm from the ground and plant height were measured to check plant development throughout the 12-month period.
In the drip irrigated area, self-compensating drip emitters were used with a discharge/flow rate of 2.4 L h -1 , spacing of 0.5 m between emitters and service pressure of 10 m. In microspray irrigation, micro-sprinkler nozzles were used with unit , sprinkler radius of 1.5 m and service pressure of 40 m installed at 0.3 m from each plant.
Irrigation management was based on the reference evapotranspiration (ETo), using the Penman-Monteith equation (Allen et al., 1998) . Crop evapotranspiration (ETc) was estimated according to Eq.1, followed by adaptations to localized irrigation calculated according to Eq. 2 (Bernardo et al., 2008) .
), standard error of the estimate (S yx %) and graphic distribution of residues (%).
The coefficient of determination (R²) indicates the percentage of variation of the data observed around the mean value which is being explained by the fitted model. The R² values were adjusted so that it would be possible to compare the values found since the degrees of freedom of the regression differ among the tested models. Eq. 5, used to obtain the values, is given by:
k L -correction factor, according to the localized irrigation method, estimated according to Eq. 3 (Keller & Bliesner, 1990 )
in which: PW -percentage of wetted area, calculated according to Bernardo et al. (2008) The drip and micro-sprinkler irrigation systems resulted in PW values of 25.0% and 78.5%, respectively. Readily available water for localized irrigation was used for calculation of irrigated water depth, and was calculated according to Eq. 4. The wood volume of each plant was calculated according to the area of section and length of the stem, as described in Müller et al. (2009) . Five traditional mathematical models evaluated are presented below and were selected from the literature (Loetsch et al. 1973; Scolforo, 1997; Laar & Akça, 2007) . The models were fitted by the least squares method described by Draper & Smith (1998) (Table 2 ).
These models were adjusted for each one of the eucalyptus hybrids and irrigation systems, with a view toward obtaining coefficients of regression, statistical parameters of comparison and analysis of residues. The precision of each model was evaluated individually with the following statistical analyses: adjusted coefficient of determination a, b and c -Coefficients of the models; SD -Stem (trunk) diameter at 5 cm from ground level (cm); ε -random error
in which: R² aj -adjusted coefficient of determination i -equal to 1 if the model includes the intercept or 0, if the model does not include "a" n -number of data observed p -number of parameters of the model (Ferreira, 2009) The standard error of the estimate (Eq. 6) indicates the precision of the adjustment of a mathematical model. This criterion indicates how much the model errs, in relative terms, on average, upon estimating the dependent variable (Machado et al., 2008) . According to Draper & Smith (1998) , the use of residues in the relative form (percentage), according to the estimated dependent variable, is the most adequate in order to have a better idea of the dimension of the under-and overestimates of the real value and compare the diverse adjusted models. As graphic evaluation is subjective, it should be used together with the previously cited statistics. In a complementary way, for comparison of mean values, the Tukey's test (p < 0.05) was used.
(1) (2) (3) (5) (4) (6) Throughout 12 months, it was seen that the irrigated treatments had an observed volume greater than the treatment without irrigation, and as of the sixth and seventh months, the difference between volumes showed a great discrepancy ( Figure  1 ). It may be seen that the Brenac and Hohenald & Krenn models always remained near the line of the observed volume, which shows, in a preliminary way, good precision. For the Berkhout model, in all the evaluated situations, it was seen that its use becomes necessary only as of the sixth or seventh month because in the previous months its estimate is negative. Soon after this period, it may be observed that the line of development draws away from the observed volume and from the Brenac and Hohenald & Krenn models.
For the Urograndis hybrid without irrigation, good precision was observed for all the analysed models. This precision is related to the low wood volume found in this treatment since, even at 12 months, its volume was less than 1.00 dm 3 (Figure 1 ). At 12 months of age, the percentage difference in wood volume of the Grancam hybrid between the irrigated and nonirrigated treatments was approximately 141.9% more for the irrigated condition. For the Urograndis hybrid, this difference was even greater, around 369.2%. When the percentage difference between the Grancam and Urograndis hybrids without irrigation is compared, the value is 205.8%; i.e., the Urograndis hybrid in the first year of growth appears to be more sensitive to lack of water (Figure 1) .
After fitting of the equations, analysis of the parameters of the tested models was carried out, selecting those that presented the best performances in the estimation of wood volume for young eucalyptus plants, both for hybrids and for irrigation. The adjusted coefficient of determination, the standard error of the estimate, as well as the coefficients of regression for the volumetric models with and without irrigation are shown in Table 3 .
In general, the Brenac model was the best for all the analysed situations, which showed a fit with the data greater than 99% (R 2 aj
) and with the lowest standard errors of estimate. Nevertheless, upon evaluating the behavior of the distributions of residues, it is seen that there was an increase in variation as the plants acquired greater volume (Figures 2 and 3) .
The Hohenald & Krenn model also showed excellent results in the volume estimate of plants up to 12 months, with precision above 99% when used to estimate the volume of the Grancam hybrid with drip and micro-sprinkler irrigation and the Urograndis hybrid with micro-sprinkler irrigation.
In eucalyptus stands with various diameter classes and standard forest management, the Koperzik & Gehrhardt and Hohenald & Krenn models obtained values of R 2 aj around 0.75 and S yx of about 30%. Azevedo et al. (2011) observed for the same models with the variable diameter, that there was less agreement when compared to the models that use diameter and height in their variable. According to Rolim et al. (2006) , the simple entry forest models, such as Kopezki & Gehrhardt and Hohenald & Krenn are biased, which may explain the low values of R 2 and the high values of S yx . Nevertheless, the determination of the tree height is a laborious operation and subject to error (Couto & Bastos, 1987) ; therefore, evaluation of the precision of this type of model which uses only the diameter is relevant as it represents reduction in time and cost of forest inventory operations. In light of this, the importance of choosing the best models to estimate biomass according to the used management is seen, since not all the models show the same precision.
The coefficients of adjustment for the Berkhout model showed the lowest precision readings, indicating that the increase in volume does not behave in a linear manner for the Grancam and Urograndis hybrids with or without irrigation ( Table 3) . The low standard error of estimate (12.8%) for this model in the Urograndis hybrid without irrigation (Table 3) is due to the low wood volume found in this hybrid throughout its development in 12 months.
It was possible to note that there is an inconsistency in the distribution of the points on both sides of the zero line (regression line), showing that there is a homogeneity in the variation between the real data and the estimates for the Berkhout model; this fact suggests that the wood volume does not fit this model, and it is not recommended for future estimates (Figures 2 and 3) .
The residue graph is highly useful in the choice of the model, a criterion which should not be observed in an isolated manner, but rather together with the R² aj and S yx values so as to verify the behavior of the mathematical model throughout the regression line (Azevedo et al., 2011) .
The data of the residue graphs generated by the Koperzik & Gehrhardt model also suggest that, with the development of both hybrids, there are no adjustments to the quadratic model, for there is no randomness of the data observed with the increase in volume.
Notably, it may be seen that deviations from the zero residue for the Berkhout and Koperzik & Gehrhardt models show a non-systematic pattern for the Grancam hybrid with drip and micro-sprinkler irrigation (Figure 2) .
Graphic distribution of the residues showed trends in the Brenac, Exponential and Holhenald & Krenn models for both hybrids in the irrigated environments, exhibiting, in general, a systematic pattern. They are negative for low values of estimated volume, alternating to positive and negative values of residues for higher volumes. This shows that the Brenac, Exponential and Holhenald and Krenn models are most recommended for estimating the volume of young eucalyptus plants in the two studied irrigation systems for both hybrids. 
